In the United States, more than one-half of pregnant women are obese or overweight.[@JR160074-1] These women are at increased risk of adverse perinatal outcomes including fetal overgrowth.[@JR160074-2] Exposure to maternal obesity or high birth weight predisposes offspring to obesity, hypertension, type 2 diabetes, and cardiovascular disease later in life through fetal metabolic programming.[@JR160074-3] [@JR160074-4] [@JR160074-5] [@JR160074-6] [@JR160074-7] It is accepted that an obesogenic intrauterine environment has long-lasting effects on the fetus, yet the molecular mechanisms contributing to these processes are poorly understood.

Several mechanisms have been explored to elucidate the pathways of fetal metabolic programming, including altered organ development, cellular signaling responses, and epigenetic modifications.[@JR160074-8] [@JR160074-9] Epigenetic modifications underlying fetal programming include transcriptional regulation through DNA methylation, histone modification, and posttranscriptional regulation through microRNAs (miRNAs).[@JR160074-10]

A single miRNA can bind multiple mRNA transcripts, and each mRNA can be bound to multiple miRNAs, allowing miRNAs to modulate entire gene networks.[@JR160074-8] As such, miRNAs modulate processes such as development, stem cell differentiation, hematopoiesis, muscle development, insulin secretion, cholesterol metabolism, and immune response.[@JR160074-9] Given their role in developmental processes, miRNAs are natural candidate markers of fetal programming in the in utero environment.

While several studies have focused on elucidating fetal metabolic programming in response to overnutrition in animal models,[@JR160074-10] there is a lack of human studies in this field. The placenta is an accessible biospecimen in humans that is abundant in miRNAs and has been the focus of studies addressing miRNA expression in relation to pregnancy complications,[@JR160074-11] such as preeclampsia,[@JR160074-12] [@JR160074-13] fetal growth restriction,[@JR160074-14] [@JR160074-15] and preterm labor.[@JR160074-16] We hypothesized that placental miRNAs involved in regulating nutrient exchange to the fetus would be altered in pregnancies impacted by maternal obesity and fetal macrosomia.

In the present study, our objective was to determine whether an obesogenic in utero environment is associated with specific alterations in placental miRNA profiles as a possible epigenetic mechanism by which maternal obesity might alter fetal programming. We explored the miRNA expression profiles in response to two different surrogates for an in utero environment exposed to overnutrition: maternal obesity and fetal overgrowth.

Methods
=======

Study Design
------------

A cross-sectional study was performed in placentas obtained from women with and without maternal obesity and infants born with and without macrosomia. Fifty-six women were prospectively recruited on the labor and delivery unit at the Hospital of the University of Pennsylvania over a 6-month period from January 2013 to July 2013. Inclusion criteria included age 18 to 45 years old, singleton pregnancy, normal glucose tolerance (1 hour glucose challenge test \[GCT\] \< 7.2 mmol/L \[130 mg/dL\]), and term delivery (37--41 weeks). A GCT threshold of 7.2 mmol/L was used---the lowest value that has been proposed as a screening cutoff for gestational diabetes mellitus---to best control for any degree of glucose intolerance and study the effect of obesity alone.[@JR160074-17]

Exclusion criteria were based on comorbid conditions that could independently affect fetal growth, including women with chronic hypertension, preeclampsia, chronic steroid use, diabetes, major fetal anomaly, connective tissue disorder requiring medication, and active human immunodeficiency virus (HIV) or hepatitis C.

Women in the following four groups were enrolled: (1) normal maternal weight (body mass index \[BMI\] 20--24.9 kg/m^2^) with normal-birth-weight infants (2,700--3,500 g) (*n* = 20), (2) normal maternal weight with macrosomic infants (birth weight ≥ 4,000 g) (*n* = 10), (3) maternal obesity (BMI ≥ 35 kg/m^2^) with normal-birth-weight infants (*n* = 16), and (4) maternal obesity with macrosomic infants (*n* = 10).

BMI was calculated at the earliest prenatal visit before 22 weeks to best estimate maternal BMI prior to the influence of pregnancy weight gain. Consistent with the World Health Organization (WHO) classification, normal BMI was defined as a BMI of 20 to 24.9 kg/m^2^. For the obese group, a BMI cutoff of ≥ 35 kg/m^2^ was selected. Women with obesity classes II and III were selected to ensure that there was a distinct phenotype as compared with the normal-weight group, increasing the likelihood of detecting a difference in miRNA expression from the exposure of maternal obesity.

Macrosomia was defined as a birth weight of ≥ 4,000 g. Normal birth weight between the 10th and 90th percentiles at 37 to 41 weeks of gestation was identified using the Alexander curve: 2,700 to 3,500 g.[@JR160074-18] Again, it was intentional that the upper limit of normal birth weight was separated from the cutoff for macrosomia, allowing for distinct phenotypes in the groups.

The sample size was selected based on studies of gene expression microarray showing that 10 to 15 replicates yield results that are stable, with little increase in stability with increasing sample size.[@JR160074-19] The study was approved by the Institutional Review Board of the University of Pennsylvania. All study participants provided written informed consent.

RNA Isolation
-------------

Placentas were collected immediately after delivery and refrigerated until collection of the samples. A 1 × 1 × 1 cm of placenta was obtained from a central area of the placenta, near the umbilical cord insertion site. There is no standardized method for placental collection[@JR160074-20]; one sample was chosen due to optimize time and budget. An area in the mid-region of the placenta that did not include areas of pathology (i.e., infarcts, calcifications) was selected as a representative sample from each placenta. Samples were washed in cold phosphate-buffered saline (PBS), and stored in 1 mL Trizole LS. Samples were then stored at −80°C until further use. Total RNA was isolated from the placental samples using Qiagen miRNeasy Serum Kits (Qiagen, Valencia, CA) according to the manufacturer\'s instructions. Briefly, tissue samples were homogenized using QIAzol Lysis Reagant, and RNA was extracted by phenol/chloroform extraction, followed by silica-membrane--based purification of total RNA. RNA concentration was determined with the NanoDrop spectrophotometer (NanoDrop 2000 Spectrophotometer; Nanodrop, Rockland, DE).

Microarray Array Methods and Analyses
-------------------------------------

Affymetrix GeneChip miRNA 3.0 arrays (Affymetrix, Santa Clara, CA) were used to determine miRNA expression, according to the manufacturer\'s instructions. Briefly, total RNA was labeled using the FlashTag Biotin HSR RNA labeling procedure. A tailing reaction was performed followed by ligation of the biotinylated signal molecule to the target RNA sample. The labeled samples were hybridized to the Affymetrix GeneChip miRNA 3.0 array and scanned according to the manufacturer\'s instructions. Hybridization images were then scanned and digitized with the Genechip Scanner 3000 (Affymetrix). The normalized signal intensity was log2 transformed, and data analysis was performed with the Partek 6.6 Genomic Suite software (Copywrite; Partek Inc, St. Louis, MO). The expression of 5,639 human miRNAs was assessed using the Affymetrix GeneChip miRNA 3.0 array. Differential miRNA expression was determined using two-way ANOVA (analysis of variance) and pairwise contrasts, with the Benjamini-Hochberg (BH) correction. MiRNAs associated with absolute Z-scores ≥ 2 or BH \< 0.2 were considered significant. Global sample variation was assessed by principal components analysis (PCA).

MicroRNA Array Validation by Real-Time Polymerase Chain Reaction
----------------------------------------------------------------

To confirm miRNA array results when significant differences were observed between two groups, quantitative PCR was performed using stored placental RNA samples from groups 2 (normal-weight women with macrosomic infants) and 4 (obese women with macrosomic infants). Validation of the miRNA array was performed with SYBR Green real-time polymerase chain reaction (qPCR) (Life Technologies, Carlsbad, CA). Briefly, complementary DNA was synthesized with the miScript II Reverse Transcription Kit (Qiagen, Valencia, CA), per the manufacturer\'s instructions. SYBR Green-based miScript Primer assays were performed using miRNA-specific primers (Qiagen). qPCRs were completed, in triplicate wells on the Applied Biosystems 7900HT Sequence Detection System (Life Technologies) according to the manufacturer\'s protocol. The DDCT method was used for relative expression quantification with the use of RQ manager software (version 2.4; Life Technologies).[@JR160074-21] The endogenous reference gene RNU6B (MS00014000) was used for miRNA quantification. Primer sets were purchased from Qiagen: miR-3074--5p and miR-4529--3p.

Statistical Analysis
--------------------

For demographic data and clinical characteristics, statistical analyses were performed using STATA version 10.1 (StataCorp LP, College Station, TX). Categorical data were compared using chi-square test. Means and medians of continuous data were compared using ANOVA (for parametric continuous data) and Kruskal-Wallis (for nonparametric continuous data).

Results
=======

Clinical characteristics of the study groups are shown in [Table 1](#TB160074-1){ref-type="table"}. Maternal age, race, and fetal sex were statistically different among groups, while the 1 hour GCT values were similar. The median gestational age at delivery was 39.3 to 40.6 weeks. Although there was a statistical difference in the median gestational age at delivery by about 1 week, this difference is unlikely to be clinically significant. Normal-weight women gained significantly more weight than their obese counterparts.

###### Demographics and clinical characteristics

  Variable           1 (Normal BMI/Normal BW) (*n* = 20)   2 (Normal BMI/Macrosomia) (*n* = 10)   3 (Obese BMI/Normal BW) (*n* = 16)   4 (Obese BMI/Macrosomia) (*n* = 10)   *p* Value
  ------------------ ------------------------------------- -------------------------------------- ------------------------------------ ------------------------------------- -----------
  Age                26.5 ± 5.8                            32.5 ± 5.2                             25.6 ± 3.9                           26.6 ± 4.2                            0.007
  Black race         8 (40)                                3 (30)                                 14 (87.5)                            6 (60)                                0.026
  BMI (kg/m^2^)      23.1 (21.5--24)                       22 (20.7--23.2)                        40.1 (37.1--43.7)                    39.3 (37.6--41.9)                     \< 0.001
  Weight gain (lb)   34.1 ± 12.6                           32.5 ± 7.8                             19.1 ± 13.8                          27.7 ± 18.8                           0.013
  GA del (wk)        40.3 (39.4--40.9)                     40.2 (40--40.4)                        39.3 (39.1--39.7)                    40.6 (40.3--41)                       .004
  Birth weight (g)   3,204.6 ± 185.5                       4,298.5 ± 120.9                        3,178.5 ± 159.1                      4,191 ± 218.7                         \< 0.001
  1 h GCT (mg/dL)    90.9 ± 19.4                           107.7 ± 11.4                           99.3 ± 16.1                          101.3 ± 15.5                          0.07
  Female infant      12 (60)                               3 (30)                                 11 (68.75)                           1 (10)                                0.012

Abbreviations: BMI, body mass index; BW, birth weight; GCT, glucose challenge test.

*p V*alues determined by chi-square test (categorical data), appropriate comparisons of means and medians using ANOVA (for parametric continuous data) and Kruskal-Wallis (for nonparametric continuous data).

Data are *n* (%), median (IQR) or mean ± standard deviation.

PCA demonstrates that the global miRNA expression profiles were overall similar among all samples ([Fig. 1](#FI160074-1){ref-type="fig"}). Of the 5,639 miRNAs investigated, 5 were significantly different between cases and controls, specifically between groups 2 (normal-weight women with macrosomic infants) and 4 (obese women with macrosomic infants) ([Table 2](#TB160074-2){ref-type="table"}). A three-way ANOVA was performed to determine whether fetal sex was a confounder; however, no difference was seen. The same five miRNAs were significantly different when fetal sex was used as a variable in the three-way ANOVA.

###### Significant microRNA array results between group 4 (obese women with macrosomic infants) versus group 2 (normal-weight women with macrosomic infants)

  Transcript ID     Fold change[a](#FN160074-5){ref-type="table-fn"}   FDR    Structure
  ----------------- -------------------------------------------------- ------ -----------
  mir-3620-st       2.3                                                0.07   Stem-loop
  mir-4529--3p-st   −2.2                                               0.09   Mature
  mir-1184-st       −2.4                                               0.05   Stem-loop
  mir-103b-st       −2.5                                               0.07   Stem-loop
  mir-3074--5p-st   −2.8                                               0.01   Mature

Abbreviation: FDR, false discovery rate.

Fold change in miRNA expression between groups 4 and 2.
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Of the five miRNAs, two were mature miRNAs. These two miRNAs were selected for qPCR validation given that they were the most likely to be biologically active. The relative expression of these two miRNAs was not significantly different by qPCR in placental samples between groups 2 and 4 ([Table 3](#TB160074-3){ref-type="table"}). Therefore, these likely represent false-positive results from the microarray analysis.

###### Validation of array findings by quantitative polymerase change reaction

  Transcript ID     Group 2 mean RQ   Group 4 mean RQ   *p* Value
  ----------------- ----------------- ----------------- -----------
  mir-4529--3p-st   2.7               3.4               0.44
  mir-3074--5p-st   2.0               2.0               0.85

Abbreviation: RQ, relative quantification.

Additional exploratory analyses were performed regrouping samples by potential confounders, including maternal weight gain, race, and maternal age. No significant differences remained in miRNA expression profiles by PCA after these analyses.

Discussion
==========

This study found that placental miRNA expression was not significantly different in pregnancies exposed to maternal obesity, fetal macrosomia, or a combination of both exposures. Global miRNA expression profiles were similar among all groups, even with additional exploratory analyses regrouping by maternal weight gain, maternal age, fetal sex, and race.

In our analyses, important confounding factors were intentionally excluded, such as glucose intolerance and hypertensive disorders, in an effort to study the effects of maternal obesity in isolation. However, excluding other aspects of the metabolic syndrome may have selected an obese population without sufficient metabolic changes to cause significant epigenetic modifications in the placenta. The effect of other comorbidities on miRNA expression and neonatal outcomes would require further investigation.

Only a few studies have investigated the placental response to an obesogenic environment. Challeir et al discovered increased levels of mRNA expression of macrophage markers and inflammatory cytokines in placental macrophages from obese pregnant women as compared with lean controls.[@JR160074-22] Differential miRNA expression has also been described in the placenta from pregnancies complicated by fetal growth restriction, suggesting that placental miRNAs are involved in regulating fetal growth.[@JR160074-15] Animal studies have investigated organ-specific changes in the miRNA profile of offspring after exposure to maternal obesity, including miRNA isolated from baboon hearts,[@JR160074-23] sheep livers,[@JR160074-24] and sheep muscle miRNA.[@JR160074-25]

In contrast to these studies, our study did not find miRNA changes in relation to an obesogenic environment in placental samples. Our prior work also demonstrated no miRNA differences in relation to maternal obesity in umbilical cord blood samples.[@JR160074-26] Our negative findings may be accounted for by the isolation of miRNA from the placenta rather than directly from the fetal organs that may be involved in metabolic programming, such as the liver or pancreas. Additionally, microarray technology may have limited our ability to detect small differences in miRNA expression, as microarray is known to have a lower dynamic range than reverse transcription PCR (RT-PCR).[@JR160074-27]

It is plausible that changes in the miRNA profile occur earlier in pregnancy and are not evident at term. It is known that there is likely a temporal nature to fetal programming. The developing organism passes through multiple critical periods of development at different stages, and the vulnerability of organ systems to certain insults differs according to its stage of development at the time.

Our findings suggest that maternal obesity and fetal overgrowth do not significantly alter the miRNA profile in the fetus, and hence this epigenetic modification is not a key mechanism in adverse outcomes associated with overnutrition. Recent studies suggest an alternative pathway of altered DNA methylation in umbilical cord blood associated with maternal obesity.[@JR160074-28] [@JR160074-29] Alterations in methylation of histones and chromatin remodeling are also being investigated as epigenetic contributors to fetal metabolic programming.[@JR160074-30]

In terms of defining obesity, we used recorded BMI at first prenatal visit to select cases of obesity because prepregnancy weight was self-reported, which has led to misclassification bias in prior studies.[@JR160074-31] A majority of patients in our study presented for prenatal care in the first trimester, so the initial recorded BMI likely accurately reflects their classification prior to weight gain from pregnancy. However, prepregnancy BMI, maternal diet, or weight gain may have a greater effect on fetal programming than obesity alone. The definition of fetal macrosomia is also not well established and there is no known fetal weight cutoff at which long-term offspring health outcomes are elevated.[@JR160074-32] To assess the impacts of maternal diet or alternative fetal weight cutoffs and miRNA profiling, a more intense study would be required that was beyond the scope of this work.

This study was well designed to discover miRNA differences associated with maternal obesity or fetal macrosomia, and the combination of these factors. The sample size was sufficient for a discovery study, based on studies of gene expression microarray showing that 10 to 15 replicates yield results that are quite stable, and there is less improvement in stability as the number of replicates is further increased.[@JR160074-19] An increase in sample size would unlikely change the results.

A limitation to this study design is that we performed a discovery study rather than targeting-specific molecular pathways. A discovery study was selected for this work given the lack of human data on this topic. While we expected changes in the placenta in response to fetal programming of obesity, these changes may be present only in fetal target tissues. Traditionally, the placenta has been used in studies of pregnancy-related diseases and is a feasible human biospecimen.

Our study suggests that fetal metabolic programming in obesogenic pregnancies is unlikely to be caused by alterations in placental miRNA expression at term. Future research should focus on human cohorts with differences in maternal weight gain, maternal diet, maternal visceral adiposity, or alternative definitions of fetal overgrowth. Further investigation is paramount to elucidating the mechanisms underlying the molecular pathways in states of overnutrition, as these processes are known to have important consequences on the health of future generations.
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